Although amorphous carbon ͑a-C͒ materials are being widely used, relaxed atomic structures of a-C have not yet been investigated in detail. In this study, a-C structures were relaxed in molecular simulations, and their structural properties and phonon properties were investigated. As a result, several nanoscale fractional graphitic structures were observed in the annealed a-C structures. Further, it was found that the fractional graphitic structures caused a peak in the fractional phonon density of states of the annealed a-C structures, which corresponded to the D peak. The main phonon mode in the fractional graphitic structure with phonon frequencies of the D peak position and that of the G peak position were the distortion mode of six-membered rings, and the stretching mode of the bonds between threefold coordinated atoms, respectively. Both the distortion mode of six-membered rings and the bond-stretching mode were observed in phonon frequencies between the D peak position and the G peak position.
I. INTRODUCTION
In recent times, diamondlike carbon ͑DLC͒ films are being widely used as industrial products because of their mechanical, electronic, chemical, and biological properties. 1 The atomic structures of DLC films are amorphous carbon ͑a-C͒ networks or amorphous hydrocarbon ͑a-C:H͒ networks. Those mainly involve sp 2 and sp 3 carbon atoms and hydrogen atoms, which can be understood from a ternary phase diagram. 2 As observed from a ternary phase diagram, there exist various types of a-C structures having different compositions of sp 2 and sp 3 carbon atoms and hydrogen atoms. On the other hand, it is known that there can be various amorphous states that exhibit different stabilities in the case of some amorphous materials. 3 In the case of DLC films, it can be thought that there are also various amorphous states having different formation energies, even though they have the same compositions of sp 2 and sp 3 carbon atoms and hydrogen atoms. In fact, for example, the mechanical properties of DLC films were found to change by thermal annealing; 4 the formation of graphitelike structures in an amorphous network caused moderation of the nanohardness of a-C:H structures. 5 Molecular simulation is one of the effective methods for studying the structural relaxations in DLC films. However, relaxed atomic structures in DLC films ͑i.e., a-C and a-C:H structures͒ have not been investigated in detail by molecular simulation. By contrast, the atomic structures of as-quenched and as-deposited a-C structures have been well investigated, 6 as have those of as-deposited a-C:H structures. 7 Further, some structural relaxations must obviously occur in DLC films because the films are exposed to several hundred degrees Celsius during the fabrication process and to extensive use for several hours or days at room temperature.
In this study, a-C structures were selected as the target, since a-C structure is the fundamental structure in DLC films. In order to generate a-C structures that were more relaxed than as-quenched or as-deposited a-C structures, asquenched a-C structures were subject to long-time annealing for 1 ns at high temperature in molecular simulations. Then, the structural and phonon properties of the obtained relaxed a-C structures were investigated.
Since the densities of DLC films range from 2 to 3 g/ cm 3 ͑as determined from experiments͒, we made relaxed a-C structures with densities of 2.0, 2.3, 2.6, 2.9, and 3.2 g / cm 3 . The calculations were performed using methods similar to those described in Sec. II. The obtained formation energies, which were finally evaluated by employing the environment-dependent tight-binding ͑EDTB͒ model, 8, 9 are shown in Fig. 1 . Those obtained in other researches by using the tight-binding ͑TB͒ model is 10, 11 are also shown for comparison. The formation energies of a-C structures with only low densities ͑i.e., 2.0 and 2.3 g / cm 3 ͒ were changed significantly from those of as-quenched states. On the other hand, those of the a-C structures with high densities ͑i.e., 2.6, 2.9, and 3.2 g / cm 3 ͒ were not changed so significantly from those of the as-quenched states, because the former, whose formation energies were relatively low ͑Fig. 1͒, were already in relatively stable states. Therefore, only the results of a-C structures with a density of 2.0 g / cm 3 were selected as a typical case and reported in this paper.
II. METHODS
Both liquid-quenching and annealing were performed by using classical molecular dynamics calculations. Our extended Brenner interatomic potential, 12 which was developed for reproducing a-C structures, was employed as an interatomic potential. In the potential function, a screening-type cutoff function was employed instead of a distance-dependent cutoff function and a dihedral angle potential term for threefold coordinated carbon atoms was added.
In order to obtain an as-quenched a-C structure, 1000 carbon atoms placed randomly in a cubic primary cell were heated to over 8000 K and were cooled to 0 K at a rate of 2.0 K/fs. The size of the cubic primary cell was decided so that the density of the resulting a-C structure was 2.0 g / cm 3 . Then, the as-quenched a-C structures obtained thus were annealed at 1500 K for 1 ns. In order to accelerate the structural relaxations, the annealing temperature should be selected to be as high as possible because an energy barrier that can be overcome increases as the annealing temperature increases. However, amorphous structures melt or crystallize when the annealing temperature is too high. Therefore, the a-C structures were annealed at 1000, 1500, 2000, and 2500 K in our test calculations. The temperature of 1500 K was selected because all of the atoms in a-C structures with a density 2.0 g / cm 3 formed sheetlike structures on annealing at 2000 and 2500 K. After the annealing process, the fractions of fourfold coordinated atoms in the obtained a-C structures were below 10%.
The material properties of the annealed a-C structures simulated by classical molecular dynamics calculation were evaluated by the TB method. The TB method was used because by this method, calculations can be performed for thousands of atoms and material properties can be evaluated quantitatively to some extent. In the TB method, the EDTB model proposed by Tang et al. 8, 9 was employed in which screening effects were introduced for constructing the TB Hamiltonian with hopping parameters and a two-body potential. This TB technique had been employed for making a-C models in another research. 13 Only the ⌫ point was employed as the K point for a wave function because the atomic structure was sufficiently large. Additional structural relaxations were performed for 10 ps at 2000 K by using TB molecular dynamics ͑TBMD͒ calculations made by employing the EDTB model because stable a-C structures obtained by using the EDTB model were different in local bonds from those obtained by using the extended Brenner interatomic potential. For both the classical molecular dynamics calculations and TBMD calculations, periodic boundary conditions were imposed on the x, y, and z directions; the time steps were of 0.3 fs; the volumes were constant; and the temperatures were controlled by velocity scaling methods. Further, in order to calculate the averaged material properties, calculations were performed for three cases. The obtained structures were called "annealed a-C structures."
For comparison, as-quenched a-C structures with a density of 2.0 g / cm 3 were also generated by employing only TBMD calculation. The cooling rate was 1.0 K/fs. Calculations were also performed for three cases for the averaged material properties. The structures obtained by this simplequenching were called the as-quenched a-C structures.
The averaged formation energy of the annealed a-C structures and that of the as-quenched a-C structures are listed in Table I . It is found that the averaged formation energy of the annealed a-C structures was lower than that of the as-quenched a-C structures by 0.11 eV/atom.
The averaged fraction of fourfold coordinated atoms in the annealed a-C structures was 33.1%. It can be said that the atomic structures changed during structural relaxation using TBMD calculations since the fractions of fourfold coordinated atoms increased from below 10% to over 30%. Nevertheless, the required relaxed a-C structures were obtained since the annealed a-C structures had formation energies 0.11 eV/atom lower than that of the as-quenched a-C structure on It is found that the structures and the formation energies of only the low-density ͑i.e., 2.0 and 2.3 g / cm 3 ͒ a-C structures were changed significantly, whereas those with high densities ͑i.e., 2.6, 2.9, and 3.2 g / cm 3 ͒ were not changed so significantly.
TABLE I. The averaged formation energy of the annealed a-C structures and that of the as-quenched a-C structures. The former is lower than the latter by 0.11 eV/atom due to the structural relaxations. The formation energies calculated by using TB methods in other researches are also shown for comparison. That is defined as the relative energy to the cohesive energy of diamond. average as shown in Table I . Further, observations of the atomic structures showed that the structural change seemed to be limited to local bond-switching. The averaged fraction of fourfold coordinated atoms was overestimated as compared with the experimental values, which were below 20% with densities around 2 g / cm 3 .
14 The effects of this overestimation are discussed in Sec. III.
III. STRUCTURAL PROPERTIES
The orthographic views of fourfold coordinated atoms in the annealed a-C structures of three cases are shown in Fig.  2 . It was found that there were regions in which fourfold coordinated atoms were rarely observed and there were regions in which many fourfold coordinated atoms were concentrated. Therefore, it can be said that fourfold coordinated atoms formed cluster structures.
The typical atomic structures in the regions in which fourfold coordinated atoms were rarely observed were fractions of graphitelike structures. In order to investigate these structures, we define "fractional graphitic structure" as a group of sp 2 six-membered rings. An sp 2 six-membered ring means a six-membered ring that consists of only threefold coordinated atoms. Ring statistics is calculated according to the concept of the shortest-path ring. 15 According to this definition, fractional graphitic structures that involve more than one sp 2 six-membered ring in the three annealed a-C structures were detected. Ball-andstick models of them are shown in Fig. 3 . It is found that fractional graphitic structures distribute in the individual cells. On the other hand, fractional graphitic structures were rarely observed in as-quenched a-C structures. Figure 4 shows the top and side views of each fractional graphitic structure that consists of more than four sp 2 sixmembered rings. The numbers of sp 2 six-membered rings in the fractional graphitic structures ͑a͒, ͑b͒, ͑c͒, ͑d͒, ͑e͒, ͑f͒, ͑g͒, ͑h͒, and ͑i͒ in Fig. 4 are 6, 9, 5, 17, 6 , 5, 5, 9, and 5, respectively. In most cases, the in-plane lengths of these fractional graphitic structures were from 0.5 to 1.5 nm. These sizes are not inconsistent with the predicted sizes ͓e.g., it is below 2 nm ͑Ref. 16͔͒. The exception was the largest graphitic structure in the 2nd case ͓i.e., ͑d͒ in Fig. 4͔ : The number of sp 2 six-membered rings was 17. However, this was due to the employed calculation cell size because the edge of this structure connects with the other edge through a seven-membered ring under the imposed periodic boundary condition.
In this calculation, the averaged fraction of the fourfold coordinated atoms was 33.1%, which is overestimated as compared with the fractions of sp 3 -bonded atoms determined in experiments ͑e.g., below 20%͒ as described in Sec. II. Top and side views of each fractional graphitic structure that consists of more than four sp 2 six-membered rings. In most cases, the in-plane lengths of even large fractional graphitic structures ranged from 0.5 to 1.5 nm. Large fractional graphitic structures such as ͑a͒, ͑b͒, ͑d͒, ͑e͒, and ͑h͒ tended to be curved or waved. Small fractional graphitic structures such as ͑c͒, ͑f͒, and ͑i͒ had a flat structure.
Therefore, if the fraction of fourfold coordinated atoms could be correctly estimated, it is thought that the in-plane lengths of the fractional graphitic structures would be slightly larger than those obtained in this calculation. However, even in such ideal calculations, fractional graphitic structures may be formed and their size may not be very different from those obtained in this calculation.
Large fractional graphitic structures tended to bend in the form of a curve or a wave, such as the structures ͑a͒, ͑b͒, ͑d͒, ͑e͒, and ͑h͒ in Fig. 4 . These were bent due to the strain originating from the surrounding atoms such as fourfold coordinated atoms or atoms in five-membered rings. On the other hand, small fractional graphitic structures tended to be flat, such as the structures ͑c͒, ͑f͒, and ͑i͒ in Fig. 4 .
It may be said that fractional graphitic structures were prevented from growing by other stable structures such as fourfold coordinated atoms or five-membered rings in the a-C structures. Fourfold coordinated carbon atoms are of course very stable. In addition, five-membered rings can also be said to be stable because these were the most frequent rings in the annealed a-C structures. Moreover, fivemembered rings were the most frequent rings in other calculated a-C structures with a density of 2.0 g / cm 3 . 13, 17 Further, it was reported that graphitelike sheets containing fivemembered rings curved into random surfaces.
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IV. PHONON PROPERTIES
With regard to experiments, it can be said that Raman analysis is suitable for evaluating the graphitic structures present in DLC films; this is because it is generally considered that the breathing mode of six-membered rings is the source of the D peak in the Raman spectra of DLC films. 19 Therefore, the phonon properties of the graphitic structures are discussed because the Raman spectrum of an amorphous material can be considered to represent the phonon density of states ͑PDOS͒ weighted by an approximate matrix element. 20 In this study, phonon frequencies and modes were calculated as eigenvalues and eigenvectors of a dynamical matrix, respectively. Further, only the ⌫ point was employed as the K point.
First, in order to confirm the peak positions, the phonon dispersion of a graphene structure and PDOS were calculated by using the EDTB method and are shown in Fig. 5 . The frequencies in the phonon dispersion are slightly long as compared with those obtained from experiments or firstprinciples calculations ͑e.g., Ref. 21 and references therein͒ as a whole. Using the EDTB method, it is found that the D peak is around 1300-1450 cm −1 and the G peak is around 1650-1700 cm −1 since the TO mode at the K point and the LO/TO modes at the ⌫ point corresponded to the D peak and G peak, respectively, 22, 23 which are shown as bold lines in Fig. 5 .
Fractional PDOS of the annealed a-C structures contributed by threefold coordinated atoms and that of the asquenched a-C structures contributed by threefold coordinated atoms are shown in Fig. 6 . A peak can be observed at 1420 cm −1 in the fractional PDOS of the annealed a-C structures while clear peaks were not observed at 1420 cm −1 in that of the as-quenched a-C structures. By the assignment with PDOS of a graphene structure shown in Fig. 5 , it is thought that this peak at 1420 cm −1 corresponds to a D peak. Further, it can be said that the peak was caused by the fractional graphitic structures since the main structural difference between the annealed a-C structures and as-quenched a-C structures was the fractional graphitic structures. In order to clarify the phonon modes of the fractional graphitic structures in the PDOS, we selected the largest fractional graphitic structure in the 3rd case of the annealed a-C structures ͓i.e., ͑h͒ in Fig. 4͔ as a sample. The PDOS of the fractional graphitic structure is shown in Fig. 7 . It is found that strong phonon vibrations can be observed at frequencies exceeding 1300 cm −1 , while the phonon vibrations with frequencies from 0 to 1300 cm −1 are very weak. Several strong phonon modes that are labeled in Fig. 7 are visualized as shown in Fig. 8 . The two main types of phonon modes were found to be the stretching modes of bonds between threefold coordinated atoms and the phonon modes caused by the distortion of the sp 2 six-membered rings. The strengths of the two modes differed according to the phonon frequency, although the two seemed to be mixed as a whole. Therefore, in order to explain the strength of the phonon modes, the frequency range is divided into three ranges for convenience: from approximately 1300 to 1450 cm −1 , from 1450 to 1600 cm −1 , and that beyond 1600 cm −1 . The phonon modes in the lowest frequency range, from approximately 1300 to 1450 cm −1 , were mainly caused by the distortions of sp 2 six-membered rings, whereas the stretching modes of bonds between threefold coordinated atoms were not so strong. Such phonon modes may be frequently observed around the peak at 1420 cm −1 in the fractional PDOS of the annealed a-C structures ͑Fig. 6͒, since this range involves the frequency of the peak ͑i.e., 1420 cm −1 ͒. The main phonon modes in this range ͑i.e., the distortions of sp 2 six-membered rings͒ can explain the fact that the peak at 1420 cm −1 was observed only when fractional graphitic structures were formed. It is generally considered a D peak is caused by the breathing modes of sixmembered rings. 19 On the other hand, in the present calculations, it can be said that the peak around 1420 cm −1 in the PDOS of the annealed a-C structures was caused by not only the pure breathing mode of sp 2 six-membered rings but also the distortions of these rings, although it can be thought that this peak corresponds to a D peak, as described above. However, it is natural that a pure breathing mode cannot be observed in amorphous structures, which do not have homogeneous structures. It is also considered that the reason why a D peak tends to widely distribute in the Raman spectrum of a DLC film is that the D peak is caused by not only the pure breathing mode but also various distortion modes.
The phonon modes in the highest frequency range, beyond approximately 1600 cm −1 , were mainly the stretching modes of bonds between threefold coordinated atoms, whereas the phonon modes that were caused by the distortions of the six-membered rings were weak. From the phonon dispersion of the graphene structure, as shown in Fig. 5 , it can be said that these phonon modes correspond to a G peak. It is generally believed that a G peak is caused by the 
The PDOS of the largest fractional graphitic structure in the 3rd case of the annealed a-C structures ͓i.e., ͑h͒ in Fig. 4͔ . The PDOS between 1300 and 1800 cm −1 is magnified in the figure on the right; the labels in this figure correspond to the phonon mode shown in Fig. 8 . Strong phonon vibrations can be observed at frequencies exceeding 1300 cm −1 , while the phonon vibrations with frequencies from 0 to 1300 cm −1 are very weak. stretching modes of sp 2 bonds. 19 This predicted mode agrees with the phonon modes of frequencies beyond 1600 cm −1 obtained in the present calculations.
The phonon modes in the middle frequency range, between approximately 1450 cm −1 and approximately 1600 cm −1 , were both the stretching modes of bonds between threefold coordinated atoms and the distortions of sp 2 six-membered rings, which seem to be mixed. In addition, the atoms tended to vibrate along sp 2 bonds and the vibrations along sp 2 bonds became strong as the phonon frequency increased. In other words, in phonon frequencies between 1450 and 1600 cm −1 , the stretching mode was enhanced and the distortion mode was reduced as the phonon frequency increased.
Similar results were obtained for the phonon modes of the other fractional graphitic structures.
V. CONCLUSIONS
In this research, atomic structures and phonon properties of relaxed a-C structures were investigated. In order to generate a-C structures, three as-quenched a-C structures with a density 2.0 g / cm 3 were annealed at 1500 K for 1 ns. The annealing was simulated by using classical molecular dynamics simulations employing an extended Brenner potential. The material properties were evaluated by the EDTB method.
In the annealed a-C structures, several fractional graphitic structures were observed. The in-plane lengths of the fractional graphitic structures were between 0.5 and 1.5 nm in most cases. These sizes are not inconsistent with those predicted from experiments. Further, large fractional graphitic structures tended to be curved or waved, while small ones tended to be flat. It was found that the fractional graphitic structures caused a peak in the fractional PDOS of the annealed a-C structures, which corresponded to the D peak. The main phonon mode in the fractional graphitic structure with frequencies of the D peak position and that of the G peak position were the distortion mode of six-membered rings, and the stretching mode of bonds between threefold coordinated atoms, respectively. Further, the distortion modes and the bond-stretching modes seemed to be mixed with phonon frequencies between the D peak position and the G peak position. In the phonon modes with these intermediate phonon frequencies, the stretching mode was enhanced and the distortion mode was reduced as the phonon frequency increased. 
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